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INVESTIGATION  OF  OUSS-MBTAL  OOMPOSITB  MATBtlALS 


HTTRODUCTICM 

This  report  covers  research  effort  expended  on  Naval  Ordnance  Con¬ 
tract  NOrd  15764  In  the  period  March  15,  1958,  ts  June  15,  1959.  It 
oomprlsea  work  reported  In  the  Tenth,  Eleventh,  and  Twelfth  Quarterly 
Progress  Reports  and  work  performed  In  the  period  De^.eodoer  15,  1958, 
to  June  15,  1959,  Inclusive  of  the  thirteenth  <^rter  for  ^ich  a 
separate  report  will  not  be  submitted.  On  January  21,  1959,  the  re¬ 
search  facilities  of  the  Owens-Coming  Piberglas  Corporation  at  Newark, 
Ohio,  were  disrupted  by  a  flood.  Approxiinately  three  months  were  re¬ 
quired  to  return  the  Laboratory  to  normal  operating  condition  and  to 
replace  the  considerable  number  of  test  specimens  that  were  lost.  By 
permission  of  Mr.  George  B.  Butters,  Contracting  Officer,  the  reporting 
period  for  the  Fourth  Annual  Progress  Report  was  extended  to  June  15, 

1959. 

The  major  effort  was  directed  to  Improving  the  oharacteristlos 
of  glass-metal  oomposites  by  determining  the  variables  affecting  their 
behavior.  One  investigation  was  concerned  with  the  factors  eontroUing 
the  strength  of  single  filaments  in  the  operation  of  fonaing  and  coating 
them  with  molten  metals.  In  another  investigation  the  phyaieal  propertlea 
of  ooDposlte  materials  were  exasdned  in  relation  to  the  theories  which 
have  been  evolved  to  explain  or  predict  their  behavior. 

The  work  represents  the  oos^lned  effort  of  Messrs.  J.  I.  Aber, 

R.  B.  Evans,  P,  A.  Lockwood,  B.  B.  Kattsm,  N.  L.  Leedy  and  Dr.  H.  B. 
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Vlhltehurst  and  Dr.  J.  W.  Mlohanar.  Consulting  work  was  dons  by  Or.  Idward 
Salbsl  of  Rensselaer  Polyteohnlo  institute  and  Dr.  T.  S.  Sherlln  of  The 
Ohio  State  University.' 

Physical  property  measurements  of  the  glass-reinforoed  metal  test 
bars  were  perfonned  at  The  (%lo  State  Experimental  Station  under  the 
dlreotion  of  Or.  T.  S.  Shevlin  and  at  the  Owans*Comlng  Piberglas  Testing 
Laboratories. 

Invaluable  assistanoe  in  the  preparation  of  the  text  of  this  report 
was  given  by  Mr.  J.  A.  Grant  of  the  Researeh  Laboimtories  atelnlstrativs 
staff  of  Owens-Coming  Piberglas. 
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Work  at  the  start,  of  the  fourth  year  of  research  on  glassMaetal 
ocopoeltee  was  mainly  directed  to  orating  eonposites  of  acceptable 
etrength-to-welght  ratio  suitable  for  serriee  in  the  1500  -  2000*P 
range. 

Direct  high  temperature  analogues  of  glass-aluminum  composites 
could  not  be  made  by  the  techniciues  successful  for  glass-aluminum. 
Neither  "B"  glass  nor  fused  silica  fibers  could  be  coated  in  the  fibei^ 
forming  operation  or  racuum  injection  east  with  metals  melting  aborre 
alvunlnum.  The  alloys  usedf  mainly  those  of  copper^  oxidized  deeply  and 
too  rapidly  and  the  fibers  were  excessively  ei^rittled. 

An  adaptation  of  powder  metallurgy  techniques  comprising  mixing 
fibers  with  powdered  metals,  hot  pressing  Into  green  compacts  and 
sintering  was  explored  with  partial  success.  Samples  of  nickel,  copper, 
stainless  steel,  chromium,  and  brass  with  "B"  glass  or  fused  silica 
fibers,  both  bare  and  aluminum  ooated,  were  carried  through  the  green 
cospact  stage.  Sintering  was  not  satisfactorily  aooompllshed  due  to 
equipment  limitations.  To  ovsroome  the  difficulty,  major  axpenditures 
for  capital  equlpnent  were  required  and  for  that  reason  woxdc  on  high 
temperature  eonposites  was  tenpcrarlly  disoontintied. 

A  study  was  initiated  to  discover  the  underlying  meehanimaa  respeB> 
slble  for  the  physical  properties  exhibited  by  glass-alualanm  eomposltes< 
Woidc  was  divided  into  two  sections.  In  one,  the  faotors  ecntrolliag  the 
strength  of  metal-coated  fibers  were  investigated^  In  the  other,  the 
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properties  of  eompoeltes  were  exinlned  to  determine  the  Intermetione  of 
glees  end  metel  in  producing  the  flnel  oonpoeite  properties. 

To  fecllitete  tensile  testing  of  single  fibers  e  nultiheed  tester 
wes  developed  oepeble  of  pulling  eight  fibers  sloulteneously  end  providlag 
e  trees  reooird  of  stress  versus  tins  for  eeoh.  The  device  provided  the 
requisite  sensitivity  end  greetly  eeoelsreted  testing  work. 

Quelity  of  metel  eoetings  wes  found  not  to  be  e  feetor  effeeting 
fiber  strengths.  It  hed  been  essumed  thet  thickness,  amoothnese  end 
ocnqileteness  of  ooetings  oorreleted  with  higher  fiber  tensile  strengths. 

In  one  series  of  experinsnts  using  three  glesses  verying  frosi  exeellsnt 
to  poor  in  ooetebillty  with  two  eluninun  elloye,  the  ooeted  fiber  ten¬ 
sile  strength  wes  e  oonstent  peroentegs  of  the  virgin  fiber  strength  of 
eeoh  glees  independent  of  eoetlng  quelity.  For  1100  eluninun  the  ooeted 
fiber  tensile  strength  wes  20  -  24  per  oent  of  virgin  fiber  strength 
end  for  e  94  per  cent  eluninun  -  5  per  oent  sine  -  1  per  oent  eedniun 
elloy,  17  -  23  per  cent.  In  enother  series  of  experinsnts  five  perene- 
ters  in  the  operetion  of  fiber  forming  end  netel  eoeting  believed  to 
control  ooeting  quelity  end  strength  were  studied.  It  wes  found  thet 
the  pereneters  studied  were  not  the  only  oontroUing  ones;  scsm  other 
verieble  influenced  ooeting  thlokness  end  tensile  strength  to  e  greeter 
extent.  Strengths  were  not  reprodueible  in  reruns.  A  set  of  pereneters 
wes  estebllshed  efter  nuoh  lebor  which  would  give  reproducible  end  rele- 
tively  even  ooetings  of  netel  on  the  fibers.  This  wes  eeconplished  with 
e  oonbinetion  of  reletively  high  pulling  speed  end  oereful  netering  of 
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awt«l  flow.  Tansilo  atrongth  of  flbara  ao  produoad  waa  ralatiTalj  low» 
aTai«glng  107|000  +  8,000  pal. 

Tha  atrangth  of  aluBlnuBHOoatad  glaaa  flbar  w«a  found  to  ba  affaetad 
by  humidity  tha  aama  aa  bara  glaaa  flbar.  Strangth  waa  20  par  eant  graatar 
In  5  par  oant  ralatira  humidity  varaua  60  par  oant  ralatlra  humidity 
atmoaphara.  Laad-eoatad  flbara  wara  not  ao  affaotad. 

SiqiMrlawnta  wara  parformad  on  tha  thanaal  a^qpanalon  of  matal-ooatad 
flbara  and  glaaa-matal  eompoaitaa.  Sfforta  wara  mada  to  eorralata  tha 
raaulta  with  tha  traatlaa  by  R.  B.  WUay  on  '^Thannal  Eacpanalon  of  Glaaa- 
Natal  Compoaltaa."^  Tha  axparimanta  wara  not  doalaira  and  eorralation 
waa  tharafora  not  poaalbla.  Mora  work  undar  finar  eontrol  la  naadad  la 
thla  araa. 

Tha  propartiaa  of  glaaa  rainforoad  aluminum  aooqwaltaa  wara  eomparad 
with  thoaa  of  alnterad  aluminum  powdar  (SAP)  with  tha  objaet  of  datar- 
mlnlng  If  tha  maohaniama  by  whleh  tha  matrix  motal  of  aaoh  ara  rainforoad 
ara  tha  aama  or  dlffarant.  Tha  raaulta  Indloatad  that  glaaa-aluainum 
ooB^oaitaa  had  propartiaa  whloh  wara  aimllar  or  auparlor  to  thoaa  of  tha 
SAP  matarlale  but  that  tha  maohaniama  wara  not  tha  aama.  Tha  tanalla 
atrangth  of  glaaa-alumlnum  ooaq^oaltaa  la  aohiarad  at  intarpartlola 
apaolnga  oonaldarably  largar  than  tha  thaoi^ieal  raq^irod  by 

SAP  matarlala  thaory.  Thla  baeama  apparont  oiQy  at  alaratad  tamparatiiroo. 
Tha  diffaranoa  waa  anhanoad  with  Inoraaalng  glaaa  oontant  and  waa  takan 
to  indloata  that  tha  faotor  datandning  tha  mlnimMm  tanalla  atrangth  of 

^Slavanth  Quartarly  Prograaa  Raport.  Oontraat  NOrd  15764*  Jbna  15* 
1958*  to  Saptanibar  15*  1958. 
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glkBS-alunlnuB  eonqposltas  is  dependent  on  the  ppesenoe  of  the  glase  in 
filamentous  form*  Since  the  comparison  is  made  on  the  basis  of  the  obaar- 
ration  that  the  tensile  strength  of  SAP  materials  is  dependent  on  inters 
particle  spacing  of  the  oxide  particles,  no  conclusion  oan  be  drawn 
regarding  the  mechanism  operating  in  the  fiber  reinforced  materials. 

Two  other  basic  differences  in  behavior  between  the  two  materials  were 
explored.  In  tests  at  900*F  indications  were  that  the  curves  obtained 
by  plotting  the  logarithm  of  stress-to-rupturo  against  time-to-failure 
would  be  considerably  flatter  for  glass-aluminum  composites  than  for 
SAP,  as  wotild  be  expected  if  ultimate  failure  depended  on  fiber  frac¬ 
ture  rather  than  creep  or  flow  of  the  metal.  Permanent  strain-hardening 
could  not  be  induced  in  glass-aluminum  composites  as  compared  to  SAP 
materials  in  tdiich  strain-hardening  is  one  of  the  strengthening  swchan- 
isms  operating. 

The  stress-strain  diagrams  of  glass-metal  composites  were  exunined 
with  the  object  of  learning  or  explaining  the  role  of  each  cos^Kment  In 
the  strengthening  mechanism.  Matrix  metals  used  were  lead,  sine,  and 
aluminum  alloys  t  five  of  the  nine  aluminum  alloys  were  variously  heat 
treated.  Marked  differences  were  observed  but  none  of  such  a  nature  as 
to  explain  behavior  of  the  Individual  components.  Stress-strain  diagrasM 
were  of  four  general  typest 

1.  Initial  yield  followed  by  a  straight  lins  segment 

2.  Continuously  changing  slope 

3.  Typical  of  a  metal 

4.  Continuously  but  irregularly  changing  slope 
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Moduli  oomputed  from  th«  eurroB  varlad  widely  at  initial  atraesliig*  Zh 
a  few  easaa  moduli  up  to  25  million  pal  wars  Indicated  for  eoaqpoaltaa 
which  ahould  not  go  over  tan  or  alaYon  mllUm  pai.  Moduli  of  three  to 
aavan  million  pal  ware  oomputed  for  the  atralght  line  portion  of  37  par 
oant  of  the  eurvea  (Type  1).  If  it  la  aaaumad  that  the  modulua  of  the 
matariala  la  an  additive  function  of  the  area  of  the  oomponanta,  the 
modulua  of  the  compoaitaa  in  the  atrainad  oondltion  would  be  in  the 
neighborhood  of  2.2  million  pai* 

Braaka  ware  of  two  typaat  one  with  a  tangent  modulua  of  more  than 
one  million  pal  and  one  with  a  tangent  modulua  of  laaa  than  one  half 
million  pal*  Thaaa  reaulta  Indicate  that  Initial  atrangth  of  the  matrix 
doe a  not  appear  to  be  the  primary  factor  in  determining  atrangth  of  the 
oooq^aitea  and  that  ahape  of  the  atreaa-atraln  ourrea  la  affected  aM>re 
by  heat  treatment  than  by  any  other  Tarlable  inveatlgatad* 

Due  to  the  large  dlaparlty  in  tanaile  atrengtha  between  racuum  in» 
Jeotlon  oaat  glaaa-metal  oompoaltea  and  handbook  data  for  the  matrix 
metal  In  the  form  of  eonnarolal  wrought  alloy  bara,  the  effect  of  vacwaa 
injection  oaatlng  on  atrength  waa  inveatigated* 

Vacuum  eaat  bare  of  the  oonmeroial  alloy  aa  received  and  diluted 
with  one  part  1100  aluminum  to  three  of  alloy  were  made  in  the  aame 
manner  aa  glaaa-metal  oonqpoaitea  but  oedtting  the  glaaa  fibera*  The 
reaulta  of  room  temperature  teata  were  not  aa  deolaive  aa  deaired  due 
to  loaa  of  the  undiluted  coeiMroial  alloy  bara  which  wen  not  nplaoed* 
Compared  on  a  oaat  baaia,  the  indicationa  were  that  dilution  of  the  amtilx 
alloy  lowered  ita  atrengUi  relatively  little*  The  vacuum  Injeoticn  eaat 
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glass-aluBiinuin  oomposltas  behavad  similarly  to  the  oast  dilutad  alloy  bars 
with  tha  axeaption  of  raduoad  elongation*  Tha  major  diffaranoa  batwaan 
oast  and  wrought  alloy  muld  appear  ,to  be  one  of  basio  struotura*  As 
previously  reported  tha  properties  of  wrought  bars  fade  around  400*7 
>diaraas  vacuum  injaotion  oast  glass-alxuninum  oompositas  oontinua  strong 
to  700  -  900*P. 

Attempts  ware  made  to  relate  the  rate  of  fiber  breakage  im  oompos¬ 
itas  under  stress  to  shapes  of  the  stress-strain  curves.  Results  showed 
that  the  fiber  breaks  in  glass-lead  bars  oould  aooount  for  some  of  the 
change  in  the  shape  of  the  stress-strain  ourvs*  Results  with  glass- 
aluminum  bars  were  not  as  positive*  The  rate  of  fiber  breakage  increased 
exponentially  Just  prior  to  failure  of  the  sample  and  bore  no  relation 
to  shape  of  the  curve*  Work  in  this  dlreotion  was  disoontlnued* 

Or.  Edward  Salbel  has  eonposed  a  ax>del  system  for  glass  metal 
oonposites  designed  to  explain  and  predict  the  properties  of  ecaqposltes* 
His  treatise*  attached  to  this  report  as  AppendiJf  B*  is  similar  to 
Or*  H*  B*  Whitehurst's  treatise  on  the  principles  of  fibrous  reinforce¬ 
ments^  but  takes  plastlolty  of  the  matrix  into  account*  Experimantal 
data  fit  both  theories  with  some  unexplained  deviations* 


^Appendix  I,  Tenth  Quarterly  Progresa  Report*  Contract  NOrd  15764* 
March  15,  1956,  to  June  15,  1958. 
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Discossiq^ 

Oevelopnent  of  Qlasa-Mat»l  Conpoaltea 
For  Elavated  Tennerature  Servloe 

It  waa  obvloua  that  conpoaltea  with  atrength  In  the  range  1500  - 
2000*F  would  require  a  glaaa  of  higher  temperature  endurance  than 
glaaa.  For  this  reaaon  a  method  of  drawing  flbera  from  fuaed  alUca 
roda  waa  developed  and  placed  Into  laboratory  acale  operation*  Attanqpta 
ware  made  to  coat  the  fuaed  alUea  flbera  with  varloua  metala  at  foran 
Ing*  Aluminum  waa  applied  aueeeaafully  but  metala  with  melting  points- 
above  a.'.umln\im  (copper  alloy  a}  were  not;  oxide  developed  rapidly  pre¬ 
venting  the  metal  from  contacting  the  fiber*  In  thoae  few  eaaea  where 
continuoua  coating  of  high  temperature  alloya  waa  achieved  the  flbera 
were  brittle  and  difficult  to  handle*  A  modification  of  the  aluminum 
coating  technique  will  be  neoeaaary  If  metala  idiich  melt  above  1500*F 
are  to  be  applied  directly  to  flbera  In  the  forming  operation* 

A  few  trlala  were  made  at  vacuum  injection  naatlng  molten  metal 
around  the  fibers,  but  copper  and  its  alloya  oxidise  so  rapidly  that  the 
method  was  impractical*  For  this  reason  adaptations  of  conventional 
powder  metallurgy  techniques  woz>e  developed  in  which  flbera  coated  with 
metal  powdera  were  hot  pressed  in  dies  to  form  green  compacts*  A  slurry 
composed  of  metal  particles  wapended  In  a  vlseoua  liquid  which  served 
as  a  heat  fugitive  binder  was  applied  to  the  fibers  in  the  forming  opera¬ 
tion*  The  particles  adhered  well  enough  to  permit  placing  the  fibers  in 
pressing  dies*  Dipping  the  fibers  in  sthylsns  glycol  and  rolling  them  in 
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iMt4l  powders  ms  found  to  be  sn  easier  method  for  effecting  the 
combination* 

Hot  pressed  compacts  of  copper*,  nickel*  stainless  steels*  nickel- 
chromes  and  brass  reinforced  with  fused  silica  fibers  were  produced* 

One  bar  was  made  with  slroonlum  powder*  Compacts  containing  orer  50 
per  cent  glass  could  not  be  made  satlsfaetorllT'  and  the  best  glass 
percentages  were  relatively  low*  generally  less  than  10  per  cent*  W.th 
the  exception  of  copper  the  bars  all  showed  low  green  compact  strength* 

This  Is  not  unusual  for  powdered  metal  compacts*  but  It  does  make 
hvidllng  more  difficult*  The  use  of  1100  aluminum  precoats  on  the 
fibers  resulted  In  denser*  more  easily  handled  coiq>aots  and  was  especially 
helpful  for  nickel  compacts*  Strengths  of  green  eon^ets  of  copper 
(Table  I)  and  nickel  (Table  II)  were  not  exceptionally  high  but  consid¬ 
ering  the  low  per  cent  of  theoretical  density  achieved  the  results  were 
quite  favorable* 

Sintering  was  not  satisfactorily  accomplished  due  to  inadequacy  of 
available  thmaces  in  maintaining  suitable  protective  atmospheres*  Differ¬ 
ential  tneimal  contraction  between  fiber  and  metal  leading  to  severe  inter¬ 
nal  stressing  as  the  compacts  cooled  over  a  long  temperature  range  was 
another  problem  encountered*  The  delamination  observed  was  believed  to 
be  in  part  due  to  that  cause  and  in  part  to  oxidation*  Possibly  the  dif¬ 
ferential  shrinkage  problem  could  be  overcome  by  placing  the  bars  under 
light  to  moderate  pressure  during  the  sintering  and  cooling  steps* 

At  this  tlms  the  necessary  equlpswnt  for  the  high  temperature  work 
was  not  available  at  the  Owens-Coming  Piberglas  Corporation  Beseareh 
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Laboratories.  For  this  reason  it  was  reeonnended  that  the  Navjr  Bureau 
of  Ordnance  consider  another  contractor  or  subcontractor  haTlng  adequate 
facilities  for  Investigating  these  high  temperature  coo^sltes.  Li  the 
meantime  the  Owens-Coming  Fiberglas  Corporation  Research  facilities 
would  be  used  to  Investigate  the  mechanism  by  which  glass  fibers  and 
metal  matrixes  interact  to  produce  the  properties  exhibited  by  the 
present  composite  materials. 

Research  Into  Strength  of  Metal-Coated  Glass  Fibers 
and  Methods  of  Improving  the  Coated  Fiber  Strength 

For  this  phase  of  the  work  a  faster,  more  sensitive  method  of 
measuring  the  tensile  strength  of  single  fibers  was  required.  A  aailti- 
head  tester  was  <  veloped  and  constructed  which  was  capable  of  testing 
eight  eingle  fibers  simultaneously  and  recording  the  results  automat¬ 
ically.^  With  an  auxiliary  Jig  (fork)  for  mounting  fibers  in  the 
tester,  several  hundred  tests  per  day  were  quite  possible.  Tensile 
strengths  were  computed  from  the  recorded  loading  at  break  and  the  fiber 
diameter  as  measured  with  a  filar  micrometer. 

The  first  experiments  were  desisted  to  check  the  correlation,  If  any, 
between  tensile  strength  and  quality  of  the  coating  on  the  fibers.  Assump¬ 
tions  had  been  that  smooth,  uniform,  thin  coatings  yielded  higher  strengths. 
Glasses  RJC78,  "E"  and  "C”  arranged  in  order  of  decreasing  eoatabillty  were 
coated  with  1100  aluminum  and  the  standard  coating  alloy  (94  per  cent  A1  - 

^Twelfth  Quarterly  Progress  Rsport.  Contract  NOrd  15764*  Sspipitsr  15* 
1958,  to  Osesal)sr  15*  1958.  ! 
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5  p«r  cent  Zn  -  1  per  cent  Cd)*  Within  relatively  narrow  Halts  the 
ooated  fiber  strength  was  a  eonstant  percentage  of  the  virgin  fiber 
strength  for  all  three' glasses,  20-24  per  cent  for  1100  aluuinaa  end 

I 

17  -  23  per  cent  for  the  standard  alloy* 

These  results  Indicated  coating  quality  was  not  a  controlling  faoiw 
in  ooated  fiber  tensile  strengths. 

More  recent  work  was  dons  to  detennlne  what  faetors  In  the  fiber 
forming  and  coating  operation  affect  coating  quality  and  fiber  strength* 
The  variables  involved  weret 

1*  Fiber  forming  temperature 
2*  Fiber  pulling  speed 

3*  Distance  of  metal  coater  from  fiber-forming  tip 
4*  Fiber  diameter 

5*  Flow  rate  of  metal  onto  the  fiber 
The  results  of  the  first  tests  were  not  very  encouraging  and  it  was 
decided  to  rerun  the  teste  using  statistical  methods  of  changing  those 
variables.  (See  Table  III) 

Before  this  was  done  It  was  decided  to  try  improving  the  fiber 
forming  and  coating  method  to  eliminate  possible  outside  variations* 

This  work  involved  forming  as  uniform  a  fiber  as  possible  and  producing 
as  smooth  a  coating  as  possible.  After  a  considerable  escpenditure  of 
time,  It  was  found  that  by  using  very  high  pulling  speeds,  such  as  10,000 
feet  per  minute  and  over,  and  controlling  the  flow  of  the  metal  by  mster- 
Ing  procedures  that  the  above  objectives  could  be  aoeompllshed*  Zt  was 
found,  though,  that  the  relative  strength  of  these  coated  fibers  was  lew 
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oonpared  to  other  experiaantal  results*  The  fiber  strengths  were  107(000 
psl  with  a  normal  variation  of  ±  6*000  psi  as  compared  to  a  normal  overall 
average  of  125*000  psi. 

t 

The  experimentation  changing  the  five  parameters  mentioned  earlier 
was  now  reapplied  on  a  statistical  basis  except  that  the  flow  of  the  atstal 
was  metered  as  best  possible.  The  results  of  these  experiments  are  ahoen 
in  Table  I  and  as  can  be  seen  other  tmreoognlzed  variables  are  still  in¬ 
fluencing  the  experiments*  This  is  best  indicated  hy  the  fact  that  wiMn 
a  series  of  conditions  were  repeated  In  the  experiment  that  the  variations 
in  results  were  as  wide  or  wider  than  when  ohanglng  the  variables*  Thsrs 
appeared  to  be  no  correlation  between  the  variables  and  tensile  strength* 
between  the  variables  and  fiber  ooatlng  uniformity*  and  between  fiber 
coating  uniformity  and  tensile  strength. 

During  this  work  it  was  found  that  fibers  whloh  were  allowed  to 
stand  overnight  showed  a  reduction  in  strength  compared  to  fibers  which 
were  tested  within  a  few  hours  of  the  time  they  were  formed.  This  fact 
had  also  been  noted  in  the  Basic  Physios  Research  Department  and  was 
aoersdlted  to  the  room  humidity.  A  series  of  tests  were  designed  in 
whloh  coated  fibers  were  tested  in  the  virgin  ocndltlon  and  metal-coated 
condition  in  atmospheres  of  60  per  cent  and  5  per  cent  relative  humidity* 
The  virgin  fibers  showed  an  approximately  20  per  cent  increase  In  strength 
when  tested  in  the  low  humidity  condition*  This  was  found  to  be  true  with 
aluminum-coated  fibers  also  but  not  with  lead-coated  fibers.  The  results 
of  this  test  were  rather  surprising  in  that  it  had  always  been  assuawd* 
based  on  microscopic  exuaination*  that  the  coatigg  quality  of  abaaimaa* 
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ooated  fibers  was  superior  to  that  of  lead-coated  fibersi  No  other  ex¬ 
planation  than  coating  discontinuity  or  porosity  would  appear  to  explain 
the  differences  between  the  two  materials.  This  oonolusion  was  further 
emphasised  on  applying  wax  coatings  over  the  metal  coatings.  Although 
the  wax  did  not  eliminate  change  in  tensile  strength  with  changing 
humidity,  the  effect  was  greatly  reduced.  Aluminum  wires  tested  as 
controls  showed  no  change  in  strength  with  varying  humidity. 

Another  more  surprising  indication  was  that  several  times  fortes 
would  appear  with  exceptional  strength  of  over  250,000  psi  against  an 
overall  average  of  about  125,000  psi  for  coated  fibers.  These  would 
seldom  appear  as  single  fibers  on  one  fork,  but  rather  as  whole  forks} 
and  repeated  checking  into  fiber  diameter  and  the  equipment  failed  to 
show  any  malfunction.  All  work  to  trace  the  reason  for  these  exceptional 
strengths  has  ended  in  failure  and  at  the  present  time  no  methods  have 
been  devised  which  will  seemingly  lead  to  an  explanation. 

A  series  of  thermal  expansion  tests  on  metal-coated  fibers  was 
started  and  results  of  these  tests  are  recorded  in  Figures  1,  2,  3*  snd  A* 
The  reason  for  this  wortc  was  an  attempt  to  correlate  axperlsMntal  results 
with  theory  set  forth  in  the  treatise  on  "Thennal  S]q;>anslon  of  Olass- 
Metal  Composites*'  by  R.  B.  Wiley.^  Correlation  was  not  possible  either 
because  the  changes  were  smaller  than  experlnental  error  or  because  the 
treatise  did  not  cover  enough  of  the  variables  involved. 


^Eleventh  Quarterly  Progress  Rsport,  Contract  NOrd  15764#  /on*  15* 
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RaBeareh  Into  Compeiltee 

As  previously  reported^  vforic  was  dona  to  ohook  the  possibllty  that 

I 

the  reinforcing  meohsnlams  operating  In  glaes-vetal  eonposltes  night  be 
the  sane  as  in  dispersed  oxide  particle  composites  of  >ihloh  sintered 
aluminum  powder  (SAP)  composites  are  typical*  In  sunnatlon  the  proper¬ 
ties  of  glass-reinforced  aluminum  and  SAP  composites  were  found  to  bo 
similar  in  many  vnys  but  due  to  the  differences  in  interpartlole  spacing 
on  idiich  SAP  theory  is  based  it  was  concluded  that  the  fibers  did  not 
act  in  the  same  way  to  modify  the  properties  of  the  aluminum.  Particle 
spacing  in  glass  fiber  reinforced  aluminum  is  many  times  the  minlmun 
normally  used  in  sintered  aluminum  powders  and  for  similar  properties 
there  are  differences  of  several  hundredfold*  This  behavior  was  evident 
only  at  elevated  temperatures  and  was  intensified  with  Increasing  glass 
fiber  content  indicating  dependence  on  presence  of  the  glass  in  filament 
fora*  Additionally,  the  two  materials  differ  in  stress-rupture  and  cold 
working  properties*  Stress-to-rupture  versus  time-to-fallure  curves  for 
glass-aluminum  composites  look  to  be  flatter  than  those  for  SAP  indicating 
again  dependence  on  fibers  rather  than  discrete  particles  and  metal  flow* 
Peraanent  strain-hardening  could  not  be  induced  in  glass-almmlnum  ccai- 
posltes  but  is  known  to  operatv;  in  SAP  materials  as  one  of  the  strengthen¬ 
ing  meohanins.  Cold  woriclng  glass-aluminum  oom>osites  either  by  extruslcm 
or  rolling  is  difficult  at  best}  eevere  cracking  is  snoountared  with  glaaa 

^enth  Quarterly  Progress  Report*  Contract  MOrd  15764,  March  15, 

1958,  to  June  15,  1958. 
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contents  much  over  10  per  cent  Mhen  these  operations  are  done  in  the 

normal  manner*  In  general  no  Increase  in  strength  after  cold  woricing 

and  annealing  ime  noted  and  for  those  samples  that  could  be  rolled  with 

( 

great  difficulty  the  strength  actually  deoreaseu*  This  behavior  indicated 
a  distinctly  different  mechanism  of  reinforcement  for  glass-fiber  metal 
composites. 

A  better  understanding  of  the  nature  of  glase-metal  composites  was 
the  primary  reason  for  studying  changes  in  stress-strain  curves  caused 
by  varying  the  matrix  metal*  Correlation  of  rate  of  fiber  breakage  in 
composites  under  stress  with  shape  of  the  stress-strain  curves  was 
attempted  by  recording  the  sound  of  the  breaking  fibers.  The  objective 
in  both  eases  was  to  determine  effect  of  the  fibers  on  the  matrix  mate¬ 
rials*  Preliminary  results  have  been  reported*^ 

Results  with  glass-fiber  lead  coiiq>osites  indicated  that  the  fiber 
was  the  factor  controlling  the  shape  of  the  stress-strain  curve*  As  the 
rate  of  fiber  breakage  increased,  the  shape  of  the  curve  changed  at 
approximately  the  same  rate* 

While  all  the  stress-strain  curves  are  not  shown  in  this  report, 
three  of  them  illustrate  the  variations  caused  by  changing  the  matrix 
metal*  Figure  5  presents  a  comparison  of  stress-strain  curves  for 
glass-fiber  lead,  glass-fiber  aluminum,  and  glass-fiber  sine  cooqposltes* 
The  composites  were  j^epared  by  vacuum  Injection  casting  and  contain 


^Twelfth  Quarterly  Progress  Report*  Contract  NOrd  1576A»  Septsnhar  15 
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approximataly  20  per  oent  glass  fibers  by  voluns*  Tests  wsre  oondueted 
at  room  temperature* 

Figure  6  shows  the  relationships  between  three  aluminum  matrix  oobh 
posltes  vacuum  Injection  cast  with  20  per  cent  glass  fibers  by  voluas* 
The  first  curve  Is  for  1100  aluminum*  The  second  curve  Is  for  2014 
aluminum  solutloned  and  aged  after  casting*  The  third  curve  Is  for  4032 
aluminum  also  with  solution  and  aging  heat  treatment  after  casting* 

These  three  curves  show  the  difference  that  alloys  can  make  In  ooiiq;>osltes* 

Figure  7  presents  four  curves  showing  the  effects  of  various  types 
of  heat  treatment  on  a  composite  of  2014  aluminum  vacuum  Injection  oast 
with  20  per  oent  *'E"  glass  fibers  by  volume*  The  curves  repressnt  the 
as  cast I  annealed,  solutloned,  and  solutloned  and  aged  conditions  of 
heat  treatment*  These  are  average  curves  typical  of  results  obtained  and 
do  not  represent  any  one  composite* 

The  work  on  the  stress-strain  sound  recording  of  aluminum  ooiiq;)o3ltes 
proceeded  very  satisfactorily  using  the  modified  sound  recording  system 
previously  described*^  Figures  8  and  9  present  typical  stress-strain 
curves  with  representative  fiber  breakage  rate  curves  for  aluminum  com¬ 
posite  materials*  Figure  6  presents  a  glass-aluminum  ooi^x>slte  in  which 
the  matrix  material  Is  1100  aluminum  and  Figure  9  presents  a  eoagmsite  la 
>diloh  the  matrix  material  is  2014  aluminum  after  solutlonlng  and  aging* 

As  can  be  seen  from  these  curves,  the  shape  of  the  stress-strain  curve 
cannot  be  readily  predicted  from  the  change  In  the  rate  of  fiber  breakage* 

^Twelfth  Quarterly  Progreaa  Report*  Contract  NOrd  13764,  Septei^r  15, 
1958,  to  December  15,  1958. 


In  f*et«  due  to  the  eLnoet  entirely  esqponentlal  ehape  of  the  fiber  breeka(e 
curve,  the  only  thing  that  can  be  discerned  is  that  tdien  one  is  checking 
the  sound  of  fiber  breakage  during  a, stressing  operatim  approxinately 
five  to  ten  seconds'  warning  is  given  as  to  the  tine  at  which  the  ooa^a- 
ite  will  break.  Work  with  the  strese-strain  sound  experiment,  therefore, 
has  been  dieoontinued  at  the  present  tine. 

Due  to  the  wide  difference  in  the  ultimate  tensile  strengths  found 
ejqMrimentally  for  glass-aluminiun  composites  and  the  ultimate  strengths 
as  published  for  the  cosinercial  alloys,  it  was  decided  to  see  what  effect 
the  casting  system  used  in  producing  composites  might  have  on  the  strength 
of  the  coimercial  alloys.  Rods  of  the  various  alloys  were  vacuum  east 
in  the  sans  manner  as  for  composites  but  with  fiber  omitted.  Also,  due 
to  the  fact  that  glass  fibers  normally  are  coated  with  1100  aluminum,  bars 
were  made  of  the  commercial  alloy  diluted  with  25  per  cent  1100  aluminum. 
This  percentage  is  about  the  same  dilution  of  the  matrix  alloy  as  in  typi¬ 
cal  vacuum  injection  east  composites.  The  experiment  turned  out  not  to 
be  as  decisive  as  desired  due  to  loss  of  the  undiluted  alloy  bars  before 
testing  which  were  not  replaced  after  the  flood.  Tensile  strengths  of 
composites  are  compared  with  strengths  of  diluted  alloy  bars  and  handbook 
data  in  Table  17.  Any  conclusions  drawn  from  these  data  may  be  labeled 
speculative  and  based  on  slim  evidence.  However,  the  data  tend  to  show 
that  dilution  of  the  matrix  with  casting  alloys  lowers  its  strength  rela¬ 
tively  little.  The  oon^sites  have  strengths  like  the  diluted  alloy  bars 
indicating  the  addition  of  fibers  did  not  weaken  them.  It  is  Inferred 
that  the  main  difference  between  east  and  wrought  oosawroial  alloy  bars 
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arisaa  from  dlffereneas  in  basic  metal  structure  in  the  tw  conditions* 
This  difference  is  erased  at  temperatures  above  400*P  for  commerelal 
alloys  versus  composites  tnhieh  continue  strong  to  TOO  -  900*7* 

To  check  R.  B.  Wiley's  treatise  "Thermal  Expansion  of  Olass-Metal 
Composite  Materials*"^  checks  were  made  on  the  thermal  expansion  of 
glass-4netal  composites*  In  particular  lead*  sine*  and  aluminum  oosqpos- 
Ites  ware  studied*  The  test  apparatus  did  not  function  properly  for 
the  higher  temperatures  required  in  testing  the  glass-aluminum  compos¬ 
ites*  but  curves  were  obtained  for  the  lead  and  sine  materials  and  data 
on  2014  aluminum-glass  composites  were  available  from  earlier  trials* 

These  are  shown  in  Figure  10*  But  after  re-examination  of  the  expeil- 
mental  apparatus*  it  is  felt  that  while  the  curves  are  valid*  they  were 
not  under  fine  enough  control  to  either  prove  or  disprove  the  woric  done 
by  R.  B*  Wiley*  Future  work  in  this  area  is  still  planned. 

Theoretical  Studies  of  Glass-Metal  Composites 

In  the  10th  Quarterly  Progress  Report*  Dr*  H*  B*  Whitehurst  presented 
a  paper  in  which  he  used  glass  reinforced  plastic  composites  ac  a  model 
to  describe  glass-metal  composites*  The  main  consideration  in  this  trea¬ 
tise  is  that  both  the  composite  components  are  defonned  elastleally  under 
stress*  Or*  £.  Salbel  of  Rensselaer  Polytechnic  Institute  has  since  fol¬ 
lowed  this  same  line  of  reasoning  but  has  utilised  known  experismntal  and 


^Bleventh  Quarterly  Progress  Report*  Contract  NOrd  15764*  Jdne  15* 
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theoretical  wox4c  on  metals  to  devise  a  sat  of  experimental  curves  for  glass- 
aluminum  composites  allowing  for  the  plastic  defonnation  of  metals  under 
stress.  This  treatise  is  found  in  Appendix  B.  Both  of  these  theoretical 
works  seem  to  fit  fairly  closely  to  experimental  data,  but  there  are  devia¬ 
tions  which  cannot  be  explained  exactly.  Whether  it  is  due  to  the  assumpiiems 
that  had  to  be  made  or  whether  it  is  due  to  an  experlstental  error  or  by 
coincidence  that  the  curves  happened  to  follow  those  of  the  theories  is  act 
understood.  A  conclusive  test  to  discern  the  facts  has  not  besn  found  at 
the  present  time. 
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PUTURB  PLANS 

Work  In  th«  next  period  will  follow  the  sane  pattern  of  trying  to 
dlseem  what  the  effects  of  the  glass  and  metal  are  In  producing  the 
unique  set  of  properties  found  for  the  composite  materials*  Most  of  this 
work  will  be  an  extension  of  the  present  work  and  will  be  divided  Into 
two  classes. 

One  will  be  concerned  with  attempts  to  prove  validity  and  appli¬ 
cability  of  any  of  the  three  theories  advanced*  i.e.|  R.  B.  Wiley's 
treatise,  Dr.  H.  B.  Whitehurst's  theory,  and  Dr.  E.  Saibel's  theory. 

The  other  area  of  interest  is  eoncemed  with  prosecuting  studios 
on  both  aluminum-coated  fibers  and  composites  at  high  temperatures. 
Specifically,  fiber  strengths  and  stress-strain  bshavior  of  various 
oompooites  at  elevated  temperatures  will  be  examined.  Stress-strain 
behavior  of  composites  with  low  peroontages  of  glass  is  of  partieular 


interest 
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TABLE  I 

UNSItrrEREO  FUSED  SILICA-COPPER  COMPOSITES 
TENSILE  STRENCTH 

Fused  Slliea  Fibers.  O.OOO5  -  0.001  Inch  Dimeter. 
3]C  by  Wt.  Oriented  Parallel 
Hot  Pressed  at  900*P  &  I6.6  tons/sq.in.  Not  Sintered. 


Temperature 

•F 


Tensile  Strength 
Psi 


Blmgation 

% 


Room 

46,900 

32,000 

4,420 

14,050 

500 

10.500 

22.500 

1100 

4,043 

3,800 

1,900 

1500 

464 

402 

402 

Control 

No  Class  Fibers 

Room 

27,500 

3.9 

0 

0 


1.S6 


0.78 
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TABLE  II 


UNSINTEBEO  FUSED  SILICA-AIUMINUM-NICKEL  COMPOSITES 
TENSILE  STRENGTH 

Fused  SlHea  Fibers.  0.00075  -■  0.0012  Inch  Diameter. 
Preeoated  with  1100  Aluminum.  Oriented  Parallel. 
Hot  Pressed  at  1100*F  &  14  tons/sq.in.  Unslntered. 
Tested  at  Room  Temperature 


X  by  Wt. 

Tensile 

Arersge 

CoTOBoeltion  - 

Strength 

Tensile  Strength 

Fiber 

A1 

Ni 

Psi 

Psi 

5 

5 

90 

3323 

4075 

3699 

10 

10 

80 

6947 

9542 

7660 

6491 

♦16.66 

16.66 

66.66 

10637 

11412 

10054 

8113 

^Speoifie  Oravltyi  Theoretical  4.99 
Actual  4*42 
89. IX  of  Theoretical 


EXPLORATION  OP  VARIABLES 

CONTROIilKG  TENSILE  STREJ’GTH  AND  COATING  SMOOTHNESS 
OF  ALUMDWM  COATED  "E”  GLASS  FIBERS 
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Coo^sltas  -  ZOf  by  VoIwm  "E"  Olaas 
Parallal  Oriented  1100  Alumlaum  Coated 
with  Aluninum  Metrlxsa 

Teated  at  Room  Temperature 


Ultimate  Tenalle  Stren^h 

pel  X  1D~3  Elongation  % 


Alloy 

Aa 

Caat 

An¬ 

nealed 

Solution 
4  Aged 

Ae 

Caat 

An¬ 

nealed 

Solution 

*  Aged 

1100  Aluminum 

Compoalte 

14.5 

14.1 

0.32 

0.34 

Laboratory  Caatlng* 

9.1 

5.2 

— 

— 

Commercial  (Wrought)** 

18.0 

13.0 

20.0 

45.0 

~ 

201A  Aluminum 

Compoalte 

23.2 

18.5 

27.0 

0.6 

1.0 

0.8 

Laboratory  Caatlng* 

U.7 

24.5 

__ 

— 

Commerolal  (Wrought)** 

— 

25.0 

68.0 

— 

21.0 

10.0 

4032  Aluminum 

Compoalte 

21.3 

— 

33.1 

0.8 

— 

0.4 

Laboratory  Caatlng* 

17.9 

— 

29.4 

— 

0.4 

Commerolal  (Wrought)** 

— 

— 

55.0 

— 

— 

9.0 

5056  Aluminum 

Compoalte 

18.8 

17.2 

0.7 

0.4 

— 

Laboratory  Caatlng* 

19.4 

16.3 

... 

— 

Connerclal  (Wrought)** 

60.0 

42.0 

10.0 

35.0 

— 

SC51A 

Compoalte 

22.7 

17.6 

26.3 

1.7 

0.8 

0.8 

Laboratory  Caatlng* 

23.5 

— 

31.9 

— 

— 

Connerclal  (Caatlng)** 

26.0 

— 

34.0 

1.5 

— 

2.5 

*The  laboratory  control  eaetinga  contain  75$  of  the  matrix  alley  and 
25$  1100  Aluninunif  ^oh  ie  the  ratio  of  the  matrix  alloy  and  the  ' 
fiber  coating  alloy  in  eonpoaiteet 


«*Handbock  daU. 
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BUMHARY 

I 

A  Mthod  haa  baaa  davalopad  by  aaana  ot  vhleb  atrMa-straia  ralatlaa* 
ahip  of  glaaa  ralnforoad  ooapoalta  aatariala  aay  ba  pradietad  froa  tha 
atraaa-atrain  ourvaa  of  tha  individual  aatariala t  Tha  ihathed  ia  basad  aa 
tha  fundaaantala  of  tha  thaory  of  alaatioity  and  takaa  late  aooeuat  tha 
Bon«linaar  bahavior  of  aatariala*  yioa  ourvaa  hava  baaa  dataraiaad  far 
ordinary  rooa  toaparaturo  and  at  alavatad  taapapaturaa* 

Noaanelatura 

With  tha  axcaption  of  ayabola  dafinad  in  tha  body  of  tha  papar  tha 
folloaing  noaanolatura  ia  uaad* 

(T*  "  uniaxial  atrasa 

0^  a  a  univaraal  oonatant  takan  aa  ^yoo  pal  (aaa  rofarahaa 
£  a  uniaxial  atrain 

a  ultlauta  otrongtb  of  natal 
/3  •  m  ouiiittunt  dapandant  upon  0^  and  C(  (aquation  3) 

£0  a  initial  nodulua  of  alaatioity  of  natal  i*a*  at  aara  atrain 
Cni"  inutantaiiaoua  Modulua  of  natal 
a  nodulua  of  alaatioity  of  glmtm 
T  a  toaparaturo  in  dagroa  yaranhait 


I 


-2- 

IntroduetloB 

Tht  fundaa'cntal  problca  ia  tha  bahavier  of  a  alngla  -  glaaa  fibar 

« 

aurroundad  by  a  thin  layar  of  aatal  eoaklag  uadar  tba  applioatlea  of  aa 
axial  load*  A  ooapoaita  bar  oith  a  high  eoaaaalratloa  of  auoli  flaaa  fibar* 
aabaddad  ia  it,  aay  thaa  ba  aaauaad  to  aet  priaoipally  la  tba  saaa  aaaaar 
that  a  aiagla  fibar  doaa.  Ia  tha  folloaiag,  firat  tba  aaparata  babavior 
of  tha  eoaponaat  porta  will  ba  axaaiaad  aad  thaa  tha  eoabiaad  problaa 
will  ba  iavaatigatad* 

Bahavior  of  Matal 


Tha  floating  matal  baiag  ordinarilly  of  aluaiaua  eoapouada  aaaaatially 
axhibita  a  noalinaar  atraaa-atraia  ralationahip  whoa  aubjaatad  to  loads* 
Thia  nonlinaar  bahavior  playa  aa  important  part  ia  doaoribiag  tha  bahaviar 
of  cowpoaita  bara  aapaoially  at  lowar  raagaa  of  tomparatwra  wbara  tha 
atrangth  of  matal  baoomaa  oomparabla  with  that  of  glaaa*  P  '  ill  taka  for 
tha  atraaa-atrain  ralationahip  of  tbo  matal  tha  followiag  ralatiomahip 
(rafaranoa  1)  whioh  haa  baan  darivad  from  phaaomaaelogioal  ooaaidaratioaa 
of  polyoryatallina  matala* 

-kg 

A,  +  X  (1) 


wharo  (f  ia  tha  atraaa,  £  ia  atraia  aad  (f  ia  a  maivarsal  ^smatmmt  amd 

X,  m  / 

Af  Ml  //y*’  -  (l-t/t) 


(2) 


^4"  -  0“^) 


km  Is. 

btlnc  a  aonataat  daaerlbad  baXe»« 
Equation  (1)  la  an  iaotbaraal  ralatloaahip*  For  any  givan  tanparatura  af 
application  of  atraaa  tha  aoaatant  ^  la  ralatad  to  tha  uUlaata  tma 
atrangth  of  tha  natal  at  that  tanparatura  and  la  to  ba  found  fron  tha 
ralatlonahlp 

X| 

A,’ 


<5/ef 

e  (3) 


If  In  addition  tha  Initial  nodulua  of  alaatiolty  of  tha  natal 
la  known,  all  tha  raqulrad  oonatants  la  aquation  (1)  oan  ba  datarninad* 
Tha  Inatantanaoua  nodulua  la  giwan  by 


4e,0f/3^)  _ 


Flgura  1  llluatrataa  all  tha  aharaatariatloa  af  aquation  (1) 
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For  low  tonporoturto  (7$^r  -  200"r),  is  rothor  lorto  tM  froa 
/3  I  •  In  this  coot  tho  proewodlng  ogwatlonn  oaa  bo  oeaf* 
what  aiapliflod  and  taka  tha  following  fora 

<r  «  o;r  /oj^-  -  <5) 

»  £■«  — •  (4) 

/>  •  i  <n 
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HoNAvar,  whan  tasparaturaa  ara  rathar  high  (200-700^)  y)  bataaaa 
eoaparabla  with  unity  and  ona  mint  uaa  tha  nora  aoeurata  aquatiOM  (» 

and  (4).  For  avan  hlghar  tanparaturaa  thaaa  nquatlena  oaana  to  ba  ualii 

1 

and  eraap  auat  ba  takaa  Into  aoeount* 

Bahavior  of  Qlaaa 

Qlaaa  la  an  alaoat  parfaot  axaapla  of  an  alnatio  aatarial*  Xta  atraoo* 
atraln  ralationahip  up  to  tba  point  of  braakiag  tan  ba  aaauMd  to  bo 

(Te  f  6  (5) 

or  iaoroaantally 

^  (9) 

Furtbarnora  ita  bahavior  obangaa  vary  littla  with  variation  of  tanparaturO| 
for  axampla  ita  nodulua  of  alaatioity  ^  ohangaa  by  lata  than  ona  par« 
oant  in  a  riaa  of 

Straaa-Struin  Ralationahip  for  Oonpooita  Fibar 

In  Miny  probiaaa  of  maohanioa  a  ainpla  and  atraight  forward  approach 
oftan  providoa  an  aUaquata  anawar  for  tha  phaneaanon  uadar  eonaidaratioa 
along  with  tha  proaiaa  of  baing  iMthaoatioally  laaa  outbaraota*  A  higbar 
laval  of  axaotituda  ia  warruntad  if  axparinant  poiata  to  an  inadaquaay  of 
tha  alaplar  appioaoh*  la  tha  abaanoa  of  auffioiaat  axparltantal  avidanto, 
thraa  diffarant  approaohaa  hava  baon  adtptad  for  thia  problat,  Xa  tba  flrat 
tha  a f foot  of  tha  diffaranaa  of  Poioaon'a  ratio  of  tha  two  tadla  bat  boat 


6 


ntfflaotad,  in  the  ««oond  thin  affaat  has  btna  tnkan  late  aooouBt  «hlla 
ainplifylng  tha  problaa  by  aaaualng  that  tha  aatipi  eoatlaf  la  vary  blila* 
And  in  tha  third  approaeh  tha  ooapla4a  preblaa  haa  baaa  aoaaidarad*  tha 


final  juatifioation  and  llaitation  of  any  oaa  of  thaaa  appreaehaa  la  af 
oouraa  dietatad  by  axpariaantal  avldanoa* 


A.  Approaoh  Huabar  Ona 

Gonsidar  tha  arranfcanant  ahown 
in  Figura  2*  Tha  two  aadia  oeoupy 
tha  raglona  boundad  by  oonoantrie 
oirolaa  of  radii  R,  and  R| 

Lat 

Am"  araa  of  natal 
Ag  ■  araa  of  glaaa 
'p  B  load  on  fibar 

a  unifora  atraaa  in  natal,  aquation  (1)  or  ($) 
m  unifora  atraaa  in  glaaa,  aquation  (6) 

■  axial  atraia  in  natal 
^  B  axial  atraia  in  glaaa 

Than  aaauaing  tha  oonditioa  of  oontinulty  in  tho  fora 


(10) 


and  naglooting  tha  raduotioa  of  tho  aroao  duo  to  Poiaaon  ratio  offoot 
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«•  have 


■ .  I  (W) 


or  If  ««  introdue* 

XAttfc 

m  •  — - - 

AfH  ♦Aj 

V _  ^3 


ebaarvtd 


Am-t 

«•  obtain  with  th«  aid  of  aquations  (1)  and  (8) 


cr.  foj  — |]  i-x-fj 


f  Xi£a5 


(xa) 


Thia  aquation  ahould  yiold  a  good  approxiaatioa  in  all  aaaaa  in  wbiob  ilM 
difftranoa  in  Poiaaon'a  ratio  of  tba  aatariala  ia  net  tae  grant*  Xta 
ranga  of  applioability  abould  inoluda  alngla  fibara  and  alao  eoapaaita 
bara  wbiob  bava  a  unifora  diatribution  of  glaaa  fibara  tbrougbant  thair  i 
eroaa>aaotioaa*  •  . 
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B>  Aaprotch  MuabT  two 


Adsualnc  that  at  a  oartaln  iastaat  of  loadipc,  a  hydroatatio  praa- 
aura  p  aeta  on  tha  g\asa  eora,  any  furthar  iaOKoaao  la  load  P  will 
bring  about  a  ohanga  in  thia  praaaura  p*  Than  Bar  tha  glaaa  aara  aa 
oaa  wrlta  an  inoranantal  fora  of .goaaraliaod  Hoako’a  hn 


h  ' 

(1» 

<14) 

but 


Tti«r«fert 


And  for  tho  Mini  «hon 

R.  »* 

au  arlta  la  a  ilallir 
■nnnor  (Flc* 


// 

I 


•11*  HH* 


Ft 


t3 


T  .  V 

ricuro  4 


C/n 


but  approxlMttly 
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Th«r«fer« 


“  “  J" J 


Acflualng  that  no  ollp  and  no  aaparatlon  oeonra  at  tha  latarfaaa  af  tha 
two  aadia,  wa  hava  aa  tha  raqulraaanta  of  eentlnulty 


^  *  d  £ii 


Tha  flrat  of  thaaa  iapllaa 


J  ""/r? 


froa  whleh 


J/--  -^  ( -<4.  %  ■'<?«) 


whara 
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8ub«titutinc  for  dp  in  (16)  and  (20)  ••  hava 


•hara  uaa  haa  baaa  aada  of  (22).  Xavertiaf  tbasa  «a  gat 

Jc^  .  ('AE»i-£j)J£ 

^  P5,n  «  1&  ^tr*-  .  C 


«hara 


A« 


5- 


id  (3l  -Z) 

j,  (A  f) 


Lat  now 


J Pa  Inoraaant  of  appllad  lead 


J(r 


JT 


A»*A 


<m  iaeraaanb  la  obaarwod  atraoa 


(27) 

(2S) 


(29) 
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Tiita  •quilibrlua  raquirsa  that 

4crmXir,d.as^-^ 

or  with  tho  old  of  (27)  oad  (26) 


whoro 


4e.»0-t/)  -f  ^4) 


(30) 


^  <r«  J*—  SXf^  Xm  ^A)^)/£<*»  ^  ^  ^ 


For  oil 


(Tw 


jA<r 


Aftor  oorryinc  out  tteo  intogrotioo  »o  obtain 

^,^,j  , 

+  ^  * 


oboro 


T*'  ^ T  (*Y^> 


(36) 


(33) 
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Thus  within  thn  frnMwork  of  nanumptiono  aada,  aquatlaa  <32) 
rapraaanta  tha  flow  ourvo  of  a.  ainglo  glaaa  f ibar  •  As  it  ataads  this 
aquation  ia  not  applioabla  for  raiaforoad  ooaposita  bars*  Fe*  saab 
bars,  aspaoially  whan  tha  glass  oontaat  is  vary  low,  aatal  soatiag 
around  aaoh  aingla  glass  eora  is  vary  think  and  assuaptloaa  m4s  rs* 
garding  hoop  and  radial  strassaa  no  longar  bold*  For  vary  higk  glass 
oontant  ona  oan  oonaidar  tha  antira  bar  as  a  siagls  fibar*  Xm  that 
oaaa  an  aquivalant  )  any  ba  eeaputad  fros 

or  ^  (54) 


C«  Approach  Nuabar  Thraa 

Nt  It  Muakhalishvili  (Rafaranoa  2)  ia  bis  Nathaaatieal  Tbsory  of 
Ilastioity  oonsidars  tha  problaa  of  axtaasioa  of  a  oeapeaito  bar  posooo* 
sing  rotational  synaatry*  If  both  bodias  bava  llaaar  straso-strala 
ralatioaship,  ba  givas  tha  following  foraula  for  tbs  aagaltads  of  ap« 
pliad  load,  rafarring  to  figura  (2) 

Tm  (3g  ^  (35) 

whnra 

5,- (H) 

’’’ 

Y  —  .u.SuL 

e  * 


»n 
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Xt  la  aignifieant  to  notloa  that  is  always  a  peaitiva  aoastaat 

which  adds  to  tha  rigidity  of  axtansloa  of  tha  bar  Irraspaotlwa  of  ths 
sign  of  (  )•  la  our  aotatloa  aquation  (39)  roads 


whara  ^ 

D  =  4  ( 

G*  t  ] 

Writing  aquation  (38)  in  tha  inorasantal  fora 


(38) 


(39) 


^  (40> 

Sm 

and  iatagrating  it  in  ordar  to  taka  into  aooouat  tha  variation  of  £tn 
with  strain  wo  got  aftar  oonsidarabla  aathaaatioal  aanipulatioa 


(41) 
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whara 


The  first  term  of  equation  (41)  represents  a  eorreotion  to  aquation  (12) t 


Conclusion 

On  the  basis  of  theoretioal  analysis  and  numerical  oaloulatlonm  a 
few  observations  can  be  made  regarding  the  atress»strain  relationships 
derived  above.  Equation  112)  provides  a  relatively  simple  naans  of  pre¬ 
dicting  flow  ourvea  for  single  fibers  as  well  as  for  composite  bars,  and 
in  all  oases  where  the  difference  in  Poisson's  ratio  of  the  two  materials 
nay  be  neglected.  The  use  of  equation  (32i  is  to  be  confined  to  single 
fibers  and  oonposite  bars  of  more  than  70J(  glass  of  uniform  distribution* 
Equation  (4l)  is  more  cumbersome  to  evaluate  numerically  but  is  applica¬ 
ble  to  single  fibers  as  well  as  to  composite  bars  of  uniform  glass 
distribution.  In  the  case  of  bars  with  20%  glass  it  has  hean  found  that 
equations  (12)  and  (4l)  almost  coincide.  The  difference  is  vary  snail* 

It  must  be  pointed  out  that  the  three  methods  of  approach  explained 
above  are  really  various  degrees  of  approxination  to  the  aetual  preblen, 
starting  with  elementary  eoneiderations  and  ending  with  mere  nscurnte 
methods  in  which  the  int'eraetion  of  the  two  media  has  been  sonsidersd* 
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8x*«pl«a 

For  purpoaita  af  iixuatratlea  and  eeapariaon  tha  faXlealaf  maariaal 
axampXaa  hava  baan  workad  out  far  aquatiaaa  (X2),  (32)  and  (4X)t 

QaneraX  Data 

T  ■  taaparatura  ■  ^OO^f 

OH  m  uXtiaata  atrangth  af  2a-HX2  aXualaua  >4300  pal 
£*  ■  initlaX  aadttXua  af  aataX  ■  7>8  x  XO^  pal 
Xjn  -  0.33 

>  BOdulua  af  gXaaa  >  XX*3  x  XO^  pal 

^  .0.2 

CC*  ■  •  unlvaraaX  aanatant  >  4300  pal  (aaa  rafaraaaa  X) 

Than  fraa  (2)  and  (3) 

/S  •  X.X752 
A,  >  3.7X8 
Ag  •  -0.632 
Aj  >  X . 368 
\  a  X.7X8 
k  .  2.302  xio’ 
and  frea  (33) 
a  a  3.086 
b  a  3.324 

C  a  X.O86 

T  ■  0.349 
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I*  aingl>  fibT  (30X  — t«I.  70it 

f?,  ■  2*9  X  10*^  laehM 

^  ■  0.5  %  10“^  InohM 

^  ■  0.7 

^Mi"  0*3 

from  (29) 

A  -  0*269 

S  >  0.l4l  X  lO"^ 

C  ■  5.4 

II.  Oomposit*  bar  (6(g(  ZOU  xlMa) 

0.8 

Ay  -  0.2 

R.A  >  0.809 
A  ■  3.883 
B  ■  2.063  X  10"® 

C  m  25.492 

CXp.+  A?<j 

and 

J>  >  0,01392 

F  •  1.274  X  lO*"^ 

Car  •  2.56 
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<S  ■  0.3446  X  10*^  •"* 

•  o.0^t4»^ef  f{ 

f  -  o.m 

^  >  -1.922 
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Numerlca:;  Data  for  Straaa-Straln  Curvas 
T»500'--..  2S~H12  Aluminum.  '*E"  Olgaa 


f 

strain 

cr-  f.f 

Eq  .  (  <3  ) 

or  30% 

me.tnl 

cr 

8< 

Eq.(  1  )  1 

Eq.(  n  ) 

Eq .  ( 3  2  ) 

Eo.(/2  ) 

E( 

0.2x10"^ 

2.26x10^ 

( 

1.34x10^  I 

1.98x10^ 

3.65x10^ 

1.52x10^ 

2' 

0.4 

4.52 

2.309 

3.857 

Oaf 

a 

B 

C.6 

6,73 

2.988 

5»642 

9.454 

3.746 

5 

0.8 

9.04 

3. '♦53 

7.364 

11-842 

4.57 

6 

1.0 

11.3 

3.762 

9.038 

13.962 

5.27 

7 

1.4 

15.82 

4.085 

12.3 

17.701 

6,432 

7 

1.8  . 

20.34 

4.214 

15.502 

21.098 

7.439 

8 

! 

2.0 

>2.6 

4.244 

17.1 

22.735 

7.92 

8< 

2.5 

28.25 

4.287 

21.06 

26.764 

s; 

3.0 

33.9 

4.296 

25.02 

30.736 

10.22 

i 

3.5 

39.55 

4.3 

28.98 

34,698 

11.35 

81 

4.0 

45.2 

4.3 

32.93 

38.655 

12.48 

3| 

5 

56.5 

4.3 

1 

1 

6 

67.8 

4.3 

48,75 

54.473 

17.0 

9; 

7 

79.1 

4.3 

10 

113 

4.3 

' 

15 

169.5 

4.3 

119.94 

125.66,3 

37.34 

ij 

20 

226 

4.3 

165.21 

• 

25 

282.5 

4.3 

59.94 

i 

30 

339 

4.3 

238.29 

;  7 :  - 

40 

452 

4.3 
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